Materials and Methods
1
For protein used for multi-turnover steady-state kinetic assays, an additional gel-filtration purification step was used to isolate the active dimer fraction. For transient-state experiments, the protein was prepared as before but then concentrated to a stock concentration of ~ 4 mM by using a 30 kDa centrifuge filter (EMD Millipore). The protein stock solution was then rendered anoxic by repeated cycles of gentle evacuation (~250 Torr) and refilling with argon while stirring on ice, as previously described. 2, 3 All substrates were prepared as previously described. 4, 5 Reagents were obtained from Sigma Aldrich and used as received unless otherwise noted. All reactions were carried out in 50 mM sodium HEPES, pH/D 7.5, unless specified otherwise.
Construction and initial characterization of HEPD-E176A and rationale for its investigation
The active site glutamate residue (E176) that ligates the iron was chosen for mutagenesis because E176 is cis to the putative O2 binding site in the HEPD crystal structure. 4 We hypothesized that its removal might disrupt the hydrogen-bonding network S2 responsible for binding H2O to the metal at this site. A less-tightly anchored H2O ligand might render the active site more reactive toward O2, which could unmask a substrate KIE under multi-turnover conditions. Thus, HEPD-E176A was constructed by using the QuikChange Mutagenesis Kit (Stratagene) and the following primers (the altered codon is in red):
Forward:
5' ggcgactcctacgtggcgccctcgtactgcccc 3'
Reverse: 5' gaccgctggatcaccggcgactcctacgtggcg 3'
The identity of the products generated from HEP by HEPD-E176A were confirmed to be HMP by 31 P NMR spectroscopy and formate by LC-MS analysis following derivatization, as described previously. 6 To confirm production of HMP, apo HEPD-E176A was converted to its Fe(II) complex as before, The identities of the signals were confirmed by amending the NMR sample with the authentic compounds. To confirm formate production, the Fe(II)-treated HEPD-E176A (2 µM final concentration) was incubated with 2-[2-
13 C]-HEP (2 mM, to avoid spurious formate contamination) in O2-saturated buffer (25 mM sodium HEPES, pH 7.5).
After a 5-min incubation, the solution was quenched, derivatized, and analyzed as previously described. 
in which the first three terms describe the electron-Zeeman effect and the axial and rhombic zero-field splittings of the electron-spin ground state, the fourth term describes the electronic quadrupole interaction of the 
Rapid Chemical Quench
The freeze-quench Mössbauer and SF-abs time courses were obtained by mixing an anaerobic solution of HEPD-E176A:Fe(II):2-HEP with an O2-saturated solution.
Attempts to conduct rapid chemical quench experiments in the same way were unsuccessful since oxygen contamination repeatedly showed much higher amounts of product at the very first time point than possible based on the kinetic parameters of the enzyme.
S4

O Labeling Experiments
To quantify exchange of oxygen derived from solvent and O2 gas into or out of the hydroxyl group of the HMP product, were employed. In a typical assay using . For both samples, the observed differences between the zero-field and 53-mT spectra can be attributed to the field-strength dependence of Fe(II) species. As a result of its unique ground-state electronic structure [S = 2 due to antiferromagnetic coupling between a high-spin (S1 = 5/2) Fe(III) to an S2 = 1/2 O2 − radical and a small axial ZFS parameter (DS=2) for the spin-coupled system due to small DFe(III)), the Fe(III)-superoxo complex is expected to display a quadrupole doublet in zero-field and noticeable broadening in an externally applied field of 53 mT. [7] [8] [9] [10] The fact that, for early reaction time points (10 and 
